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Development and Potential of Critical Fluid 
Technology in the Nutraceutical Industry 

Jerry W. King . 
" 

Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A. 

Nutraceuticals, as the name suggests, are ingested substances which combine 
the benefit of food nutritional requirements while offering Some aspect of 
therapeutic protection to the human body. Such foods and natural substances 
are called functional foods, designer foods, pharma foods, as well as many less 
elegant descriptors. Functional foods are similar in appearance to conven- 
tional foods, are consumed as part of a normal diet regime, and have 
demonstrated physiological benefit (i.e., reducing the risk of a disease state). 
Naturally derived products are purchased to enhance stamina and energy, for 
weight control, to avoid illness, and to compensate for the lack of exercise. 
Depending on the definition of a nutraceutical, the market ranges of such 
.products is conservatively estimated to be US$3.15-4.6 billion in the United 
States and range from US$1.05-1.6 billion in Europe. A broader definition of 
"functional" food pegs their U.S. market value between US$14.2 and 17.6 
billion, and if one assumes that 50% of the food selected for consumpFion is 
based on health or medical considerations, then the estimated value of the 
nutraceutical market expands to US$250 billion (1.). 

Consumers of nutraceuticals have expressed concern about pesticide or 
chemical residues, processing technology that contributes to ecological 
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pollution, antibiotics or growth hormones in their foods, and the extensive use 
of preservatives in the foods they consume. It is for these reasons that 
technologies incorporating the use of critical fluids become important in the 
production of nutraceutical ingredients. Critical fluids, such as carbon 
dioxide (SC-C02), SC-C02/ethanol mixtures, and subcritical water, are 
environmentally ben?gri processing agents; leaving no dolvent residues in 
the final products while minimizing the oxidation or degradation of thermally 
labile components. Even a cursory inspection of the common classes of nutra- 
ceutical agents (herbs, specialty-oils, plant extracts, specific protein fractions, 
and antioxidants) suggest a link between the two fields. 

Table 1 lists some of the common and popular nutraceutical agents in 
usc today, their application, as well as the use of critical fluid processing for 
their production. It should be noted that all of the nutr~ceuticals listed in 
Table 1 can be processed using critical fluids, however, a "yes" indicates that 
the actual produ~tion of the nutracevtical components.has commenced 
Indeed, a segment of the production capacity of the over 50 critical fluid 
processing plants worldwide are devoted to producing products for the 
nutraceutical market. TC Y 

TABLE 1 Nutraceuticals and Their Therapeutic U s e  and Current Production 
via Critical Fluids 

Processed via 
Nutraceutical Utility critical fluids 

Saw palmetto Prostate Yes 
Kava-kava Anxiolytic . No 
Hawthorne Cardiotonic No 
Ginseng Tonic Yes 
Garlic Circulatory Yes 
Ginko biloba Cognitive . No 
St. John's wort Depression No 
Chamomile Dermatological Yes 
Echinacea Coldsiflu Yes 
Black cohosh Gynecological No 
Lutein Macular degeneration Yes 
Flavanoids Anticancer No 
lsoflavones Premenstral syndrome, circulatory No 
Marine oil fatty acids Circulatory Yes 
Evening primrose Inflammation Yes 
Phytosterols Circulatory Yes 
Tocopherols Antioxidant Yes 
Phospholipids Cognitive Yes 
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Critical fluid processing can be used in several modes for producing 
nutraceutical ingredients or functional foods. Exhaustive extraction in which 
SC-C02 or a SC-C02-cosolvent mixture is used to yield an extract equivalent 
to those obtained with organic solvent extraction or via pressingJexpeling 
technologies (2), as documented in the recent literature (3). Fractional 
extraction in which the,extraction pressure, temperature, time, or  the addition 
of a cosolvent is varied on an incremental basis is also capable of producing 
extracts that are somewhat either enriched or depleted in the desired nutra- 
ceutical agent (4). Such fluid density-based or cosolvent-assisted extractions 
frequently yield extracts with considerable extraneous material; indeed, 
specifically extracting or enriching a desired solute out of a natural product 
matrix is somewhat akin to "finding a needle in a-haystack." The problem is 
shown in Table 2, where many of the listed naturally occurring oils have been 
extracted with SC-C02; however, the targeted "nutraceutical" components in 
the right column occur in these SC-C02 extracts at very low concentration 
levels. 

To enrich the concentration of desired component(s), researchers have 
resorted to fractionation techniques utilizing critical fluids. One of the 
simplest techniques separates the extract with the aid of multiple separators 

TABLE 2 Natural Oils Extracted with Critical Fluids and 
Their Nutraceutical Components 

Natural oils Nutraceutical comoonent 

Rice bran 
Safflower 
Marine 
Sesame 
y-Linolemic acid-enriched 
Oat 
Almond 
Wheat germ 
Amaranth 
Essential 

-Avocado 
Grape seed 

n-6, n-3 Fatty acids 
Phystosterols 
Tocopherols 
Carotenoids 
Phospholipids 
Tocotrienols 
Oryzanol 
Sesamolin 
Glycolipids 
Conjugated fatty acids 
Lipoproteins 

Macadamia nut 
Kiwi 
Genetically modified oils 

Note: The nutraceutical components listed on the same line as 
a particular oil does not mean tha t  nutraceutical moiety 
is associated with that oil. 
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placed downstream after the main extraction vessel. These separator vessels 
are held at different combinations;of temperatures and pressures (5). Using 
such an approach, the fractionation of essential oils from waxes and oleo- 
resins can be accomplished. The use of fractionation columns in which a 
temperature gradient is imposed on a solute-laden flowing stream of SC-C02, 
either in a batch or countercurrent mode,,can also be used to fractionate 
supercritical fluid extracts. This technique has been used for the production of 
fish oil concentrates (6), fractionation of peel oil components (7), and mixed- 
glyceride fractionation (8). The coupling of critical fluids with chromatogra- 
phy on a preparative or production scale offers another alternative route to 
producing nutraceutical-enriched extracts. These chromatographic-based 
separations range from simple displacement- or elution chromatographic 
schemes [i.e., for the removal of cholesterol (9)] to the Fore sophisticated 
simulated moving bed technology (lo), the latter technique perhaps more 
favored for the purification ~f pharmacological compounds. 

Although there are many examples for processing nutraceutical ingre- 
dients using critical fluids, we will discuss here specific methods for producing 
extracts, fractions enriched in nutraceutical ingredients (i.e;@roducts con- 
taining sterols and sterol esters from natural sources). Sterd esters have been 
clinically evaluated (1 1) and proven to effective for inhibiting cholesterol 
absorption and synthesis in the human body. This has resulted in the 
marketing of two commercial products, Benecol and Take Control, on a 
worldwide basis (12). Likewise, nutraceuticals containing tocopherols or 
phospholipids can be readily produced via critical fluid technology, as will 
be described shortly. In addition, an alternative route for producing "natu- 
rally" synthesized nutraceutical components, such as the above sterol esters, 
or transesterified esters can be accomplished in SC-C02, particularly if 
enzyme catalysts are used. Also amenable to this type of synthesis are the 
"omega-3" fish oil type of esters, which are highly valued and an article of 

+commerce in the n,hrtraceutical field. 

1. THE RATIONALE FOR USING CRITICAL FLUIDS 

The use of critical fluids for the extraction and refining of components in 
natural products has now been facilitated for over 30 years. Early success in 
the decaffeination of coffee beans and isolation of specific fractions from hops 
for flavoring beer, using either supercritical carbon or liquid carbon dioxide, 
are but two examples of the commercial application of this versatile technol- 
ogy. Critical fluid technology, a term that will be used here to embrace an 
array of fluids under pressure, has seen new and varied applications which 
.include the areas of engineering-scale processing, analytical, and materials 
modification. 
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/ 
However, beginning in the early 1990s, an awareness of the potential 'of 

critical fluid processing as a viable component of the newly coined term 
"green" processing arose (13). This, coupled with an increasing consumer 
awareness of the identity and use of nongreen chemical agents in food and 
natural products processing, suggested a promising future for the use of such 
natural solvents as supercritical fluid carbon dioxide (SC-C02), ethanol, and 
water. Indeed, labels on food products and ingredients which tout, "naturally 
decaffeinated" and "nature in its most concentrated form: high pressure 
extraction with carbon dioxide," have an appeal to the consumer who is 
aware of food safety issues. Recently, certain nutraceutical products have 
been labeled as "hexane-free" to alert the general public to the undesirable use 
of organic chemical-based processing agents. 

There is a certain synergy that exists between critical fluid processing 
and the use of nutraceuticals. Consumer use and acceptance of these natural 
products is heightened by the appeal that they have been "naturally pro- 
cessed." However, this is not a new development and it is interesting to note 
that many of today's nutraceutical components have already been extracted 
or separated using the above-named natural agents. In addition, critical fluid 
processing has also been used to create healthier and functional foods, such as 
eggs with a reduced cholesterol content (14), low-fat nut products (15), 
pesticide-free natural products (16), spice extracts (17), as well as cholesterol 
reduction in meats (18). There is no doubt that the development of such 
products coupled with a proper commercial marketing campaign provides a 
powerful stimulus for the consumer to try these products. 

( .  

2. A GREEN PROCESSING PLATFORM 

As noted previously, SC-C02 reigns supreme as the principle processing agent 
in critical fluid technology. However, this situation is changing, particularly 
with the recognition that SC-C02 cannot be effectively utilized for all tasks 
and is a relative poor extraction solvent for polar compounds. For certain 
applications, the addition of a minimal amount of cosolvent [usually an 
organic solvent having a higher critical temperature (T,) than C02] suffices to 
improve the extraction of specific components from a natural-product matrix. 
However, the number of GRAS (Generally Recognized As Safe) cosolvents is 
rather limited (e.g., ethanol, acetic acid). Such cosolvents can be used in 
conjunction with SC-C02 under conditions which can favor the formation of 
a one-phase or multiphase extraction medium, capable of producing the 
desired end result. 

Other processing media which embrace the gi-een processing concept are 
the use of liquefied gases (e.g., LC02) and certain liquids under pressure above 
their boiling point. By the application of external pressure, liquids such as 
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water and ethanol can be used above their boiling point. Such liquids can be 
used to produce equivalent or superior products compared to those derived by 
using conventional liquid solvent extraction (19). For example, St. John's 
wort's active components can be more effectively isolated using critical fluids 
and/or by using SC-C02 along with subcritical water (20). Recently, the 
author and his colleagues have utilized subcritical water between 120°C and 
160°C to isolate anthocyanins from natural berry substrates (21). In the 
processing of natural products, optimization of the extraction temperature is 
important in order to avoid degradation of the extracted components, such as 
the anthocyanins. For the extraction of anthocyanins, 120°C proves to be the 
optimal temperature. LC02 has also been used at near-ambient or subam- ' 

bient temperatures (22,23), thereby avoiding conditions conducive to thermal 
degradation of the extracted components. 1 

Subcritical water complemehts SC-C02 for the environmentally benign 
processing of nutraceuticals. Its phase diagram (Fig. 1) is4milar to that of 
C02, although the critical temperature and pressure of water are much higher 
(T, = 374"C, PC.= 221 atm) than those for C02. However, the region in the 
phase diagram that is of interest for processing nutraceutibaIS lies between 
100°C and 200°C in the liquid region defined in Figure 1 and-at pressures less 
than 100 atm. Recent studies have shown that subcritical water under these 
conditions can be effective for the extraction of the natural products, such as 
cloves (24) and rosemary (25). 

Considerable literature exists on the properties and use of water in the 
superheated state, and its temperature has been shown to be a key parameter 

Subcritical 

vapor 

j Supercritical 
' fluid 
i 

Temperature ("C) 

FIGURE 1 Phase diagram of water. 
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FIGURE 2 "Green" critical fluid processing options. 

for regulating the solvent power of superheated water (26). The dielectric 
constant of water varies inversely with temperature; it varies from 30 to 60 
over a temperature range of 10&200°C. Dielectric constants of this magni- 
tude are in the range of those exhibited by polar organic liquids. Therefore, 
subcritical water can be potentially used as a substitut2 for less desirable 
organic solvents, including ethanol, to e x t r k  and process natural products. 

Figure 2 summarizes the above in terms of offering an "all-natural" 
approach to processing natural products for nutraceutical ingredients. On 
one end of the solvent scale lies SC-C02 and K O 2 ,  wheieas pressurized water 
on the other end is available for isolating polar moieties. Several combina- 
tions of GRAS cosolvents can be cdupled with C 0 2  for cases in'which this 
approach proves viable. Sequential processing of a natural substrate by the 
use of these various fluids is also possible, as suggested by the hypothetical 
scheme noted in Figure 3 for soybeans as a natural substrate. Here, the 
nonpolar components, such as carotenoids, triterpenes, or phytosterols, are 
preferentially removed by C02 followed by extraction with a COflosolvent 
combination that can remove the more polar components, such as phenolic 

Neutral Lipids I- [ -ereen sobentsn J 
Cnrotenoids 
Triterpenes 
Phy tosterols CO, extractable 

Phospholipids 
Phenolic Acids 
Coumarins C02 & GRAS Cosolvents 

Isoflavo~ies 
Phylates 
Saponins Subcritical 130 
Protease Inhibitors 

FIGURE 3 Separation scheme for nutraceutical components soybeans. 
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acids or coumarins. Finally, after removal of the above components, subcrit- 
ical water Can be applied to isolate the isoflavones, phykiles, and so forth. It 
should be recognized that some of targeted nutraceutical compounds may 
occur in each of these "green" solvent combinations. An additional benefit of 
the process depicted in Figure 3 is that left-over residual proteinaceous meal is 
available for further use, devoid of any solvent residues. This is an appealing 
extraction and/or fractionation scheme that can be accomplished using the 
same high pressure processing equipment, as has been noted by King (27). 

3. TECHNIQUES FOR EMRICHING AND ISOLATING 
NUTRACEUTICALS 

The development of critical-fluid-based techniques for isolafing nutraceutical 
ingredients requires sequential development in steps of increasing complexity 
and scale-up. These are summarized as follows: 

Bench-scale supercritical fluid extraction (SFE) evaluation of process 
feasibility =-* 

Establishment of the need for fractionation - _  
Pilot-plant evaluation 
Scale-up to Stage . 

Bench-scale evaluation 6f the feasibility of extracting a nutraceutical is 
usually accomplished with the aid of a small-scale extractor. Such units are 
available commercially, but an increased experimental flexibility is achieved 
by constructing a customized SFE unit. Alternatively, there exists the 
availability of small-scale SFE equipment, normally intended for analytical 
uses of critical fluid technology, which can also be used to optimize and assess 
the extraction of a natural product (28). Both of the above approaches can 
also incorporate the introduction of a cosolvent into the critical fluid, should 
this be required in the processing of a nutraceutical source. 

Enrichment of a nutraceutical ingredient to a sufficient purity or 
concentration cannot always be accomplished by using just an extraction 
step, and this will necessitate the use of a fractionation method, in one of 
several forms, or even by combining two or more fractionation methods. A 
combination of mixerlsettler modules is one mode of amplifying the effects of 
single-stage SFE (29). A more popular approach for fractionating natural 
products is the use of a fractionating tower with internal packing, and that 
frequently will incorporate a temperature gradient along its length (30). 
Introduction of the material to be fractionated can be made at the bottom, 
top, or an intermittent position in the column. Both cocurrent and counter- 
current operational modes can be enacted with respect to contacting the 
critical fluid with the substrate whose components need to be separated. 

Chromatographic fractionation has also been utilized'(3 l), including the use 
of simulated moving-bed technoIogy (32). Exainples oT these chromatograph- 
ic options will be discussed later. 

The pilot-plant evaluation stage incorporates both a scale-up of the 
previously described approaches as well several other processing options, 
Although somewhat rare, singIe-pass (with respect to the extraction fluid) 
pilot and production plants are known to exist, but plants designed for fluid 
recycling with integrated heat exchangers are much more the norm. Batch 
pilot- and production-scale plants have been in use for some time, and several 
novel approaches have been described which allow the continuous feed of 
substrates into extraction or fractionation units (i.e., Iock hoppers, augers, 
etc.) (33). 

Final scale-up to the production plant stage is a serious undertaking, 
with respect to mechanical complexity, safety, and economics. Such plants 
have traditionally been more or permanent in design; however, there is a trend 
toward increased flexibility (e.g., multiple-use modules for extraction, frac- 
tionation, reaction), considering the initial investment in the in common 
pumps and fluid sources. Portable extraction units have also been constructed 
and their feasibility demonstrated for the field side processing, thereby 
permitting extraction of natural products immediately after they are har- 
vested. This avoids degradation during the transport of the nutraceutical 
ingredient, (i.e., medicinal ingredients in chamomile). 

3.1. Examples of Experimental/Processing Equipment 
and Methods 

To describe some of generic approaches mentioned in the previous section for 
processing nutraceuticals, several examples are provided in this subsection to 
illustrate the equipment which is appropriate for conducting extractions and 
fractionations with critical fluids. Figure 4 shows a schematic of a benchtop 
extraction system that has proven to be very versatile in our laboratories. A 
fluid source, A (e.g., CO-J, which can be can be either gaseous or liquefied, is, 
of course, required: Use of liquefied C02 has the advantage of being more 
compatible because this is what is found most frequently in use on scaled-up 

.- equipment. A compressor or liquid pump, C, delivers the fluid through a 
tandem switching valve, SV-1 and SV-2, to a tubular extraction vessel cell that 
is held at a constant temperature to maintain the fluid in its desired critical 
state (subcritical or supercritical). The fluid then passes over the inarerial in 
the extraction vessel and is routed through another switching valve arrange- 
ment. In Figure 4, either a micrometering valve, MV, or back-pressure 
regulator, is used to reduce the pressure on the fluid as it exits the extrac- 
tion/fractionation stage. 
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FIGURE 4 Bench-scale superdriticaI fluid extraction system. 
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The receiver vessel can be of several formats but will frequently be 
packed with internal packing to eliminate entrainment of the extracted 
components forming in the rapidly expanding critical fluid. FJow conditions 
under ambient conditions are measured with the aid of a flowmeter, FM, and 
fluid totalizing module, GT. This described SFE unit can be changed to ac- 
commodate fractionation and reaction experiments as has been shown and 
documented in our laboratories at a modest cost (34). Such equipment today 
exists commercially but may be more limited with respect to pressure range, 
fluid flow rate, and size of the extraction chamber (34). 

An increase in processing capability to a mini-pilot-plant stage is shown 
in Figure 5. This unit incorporates a fluid recycle option which reduces 
substantially the mass of extraction fluid required for SFE, because the initial 
charge of extraction fluid is used continuously throughout the extraction. The 
4-L extraction vessel permits multikilogram quantities of natural product to 
be extracted. For this vessel, and others utilized for conducting extractions up 
70 MPa (680 atm), a safety factor of 2.5 times the maximum operational 
pressure is specified when ordering these vessels. Back-pressure or metering 
valve arrangements used for pressure reduction of the extraction fluid are 
heated to overcome the attendant Joule-Thomson cooling effect as the 
depressurized fluid is jettisoned to the collection vessel. 

The collection vessel must be of sufficient size to allow separation of the 
extracted solutes from the depressurized fluid. For these purposes, a 2-L 
collection vessel is utilized, as shown in Figure 5. By following the vector 
arrows in Figure 5, one can trace the depressurized fluid flow path back to the 
compressor, where the fluid is repressurized to continue the extraction. A 
sorbent-laden column may be inserted in the low pressure side of this scheme 
for purifying the exhausted fluid of any unwanted odoriferous volatile com- 

Critical Fluid Technology in ~utraceuicals 

Collector -I b k  
&---I Backpressure 

Extract Regulator 

FIGURE 5 Continuous recycle supercritical fluid extractor. 

pounds. A provision for makeup of fluid lost upon draining the extract from 
the receiver vessel is noted in Figure 5 as the "CO2 makeup." 

A larger semicontinuous pilot plant (35) is shown in Figure 6. It consists 
of three, 4-L extraction vessels, arranged with an appropriate valve sequence 
to permit several modes of operation. However the principle featwe that 
distinguishes it from the smaller unit noted in Figure 5, is that it allows for 
semicontinuous processing using the tandem vessel arrangement depicted in 
Figure 6. Here, carbon dioxide, the extraction fluid, can be routed sequential 
to one or more of the extraction vessels, which can be operated so that one of 
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the vessels, A, is being extracted while another vessel, B, is being loaded with 
product to be processed, and a third vessel, C, is capable of undergoing 
pressurization/depressurization. That these operations can be accomplished 
in parallel is also apparent, lending the unit to semicontinuous operation, 
even for the processing of gr'anular solids. 

Other types of pilot plant, including commercial units embracing this 
principle, are available. Some selected vendors of pilot plants, although this is 
not an exclusive list, include UHDE, Thar Designs, Applied Separations, 
Chematur, and Separex.. Likewise, bench-scale equipment for preliminary 
evaluations are manufactured by such companies as Autoclave Engineers 
(now called Snap-Tite), Chematur, Nova Swiss, Applied Separations, Nova 
Sep, Thar Designs, Pressure Products, Inc., Supercritical Fluid Technologies, 
and Separex. 

in the future, extraction and other processing options may be accom- 
plished with the aid of an expeller; that is, the critical.fluid component will be 
introduced into the expeller barrel. This mode of processing not only allows 
extraction/fractionation to be accomplished on a continuous feed of raw 
material but also allows the introduction of nutraceutical ingredients through 
selective dissolution in the &id, permitting them to be naturally "impreg- 
nated" into a product matrix. The addition of COz into the barrel of the 
extruder, where it becomes a supercritical fluid due to the heat and pressure 
generated during the extrusion process, not only facilitates solubilization of 
materials from the substrate being processed. but also enhances the fluidity of 
the potential extract (e.g., a nutraceutical-based oil). Two active companies in 
this field are Critical Processes Ltd. in North ~orkshire,  England and Crown 
Iron Works in. Minneapolis. The former firm is focused on nutraceutical 
extraction, cikus oil deterpenation, and so forth and the latter company is 
concerned with C02-assisted recovery of oils from seeds. 

3.2. Fractionating with Critical Fluids 

The ability to fractionate naturally derived materials in a benign way using 
critical fluids is of particular interest to processors of nutraceutical ingre- 
dients. This is due to the fact that to obtain useful extracts, an enrichment or 

,, isolation of the more highly purified form of the nutraceutical component 
increases the value and utility value of the derived product to nutraceutical 
manufacturers. Hence, approaches to achieve the above result are discussedin 
this subsection. 

One of the important methods of critical fluid fractionation involves the 
countercurrent separation of phospholipids from'a vegetable oil. A system to 
achieve this end is presented in Figure 7. Here, high pressure C02is.fed into a 
pressure vessel packed with segmented gauze mesh packing (the "refining 
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FIGURE 7 Continuous countercurrent refining system. 

vessel" in Fig. 7), where it travels upward, contacting soybean oil, which is 
pumped into the top of the refining vessel using the designated liquid pump. 
The two media contact one another in the refining vessel, in which oil is 
solubilized in the SC-C02, and the phospholipids being insoluble as the CO2 
descends to the bottom of the refining vessel. The oil can be recovered by 
lowering the pressure and temperature in the receiver vessd, allowing 
recycling of the C 0 2  back to the main compressor. By using this technique, 
an extract enriched in lecithin precipitate can be isolated without tfie use of 
organic solvents (36). 

A somewhat more sophisticated fractionation method involving the use 
of vertical packed fractionating towers is currently being applied to enrich 
nutraceutical ingredients from liquid natural feedstocks. The liquid to be 
fractionated can either be fed concurrently or countercurrently into the 
fractionating column. There are certain advantages in terms of fractionation 
efficiency that are provided when using the countercurrent mode and by 
introducing the liquid feed into the center of column, thus creating extraction 
and raffination sections. An example of a fractionating column operated in 
the concurrent mode is shown in Figure 8. For experiments conducted in the 
author's laborat'ory, the unit is usually operated in a batch mode, but it can be 
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FIGU~E 8 Thermal gradient supercritical fluid fractionation column. 

made to operate on a semicontinuous basis, using a liquid pump to feed 
substrate into the column (see in Fig. 8). The components to be separated in 
the substrate are subjected to a thermal gradient along the length of the 
fractionating tower, where each of the designated sections of the column have 
an increasing temperature for the sequence T2, T3, T4, and T5. This allows 
fractionation of the components in the substrate feed based not only on their 
relative solubilities in the decreasing C02  density gradient but also according 
to the increase in their respective increasing vapor pressures as they.ascend the 
coiumn. This type of fractionation system has been used to deacidify olive oil, 
to deterpenate citrus oils, and to fractionate fish oils or butter fat. The-recent 
approach of Clifford et al. (24) involving the deterpenation of citrus oils using 
subcritical water also applies this fractionation principle. 

Chromatographic fractionation using critical fluids as mobile phases 
has been studied for some time now; however, scaleup from the analytical 
regime has been less prevalent. Studies at the National Centre for Agricultural 
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Utilization Research by King and co-workers (31) have demonstrated that 
preparative supercritical fluid chromatography (SFC) can be coupled advan- 
tageously with a selective SFE enrichment stage to yield concentrates rich in 
nutraceutical ingredients. As shown in the processing scheme in Figure 9, 
flaked soybeans are initially extracted at a relative low pressure to enrich the 
components of interest, thetocopfierols. This fraction is then moved sequen- 
tially on to a sorbent-filled column for further fractionation to yield a 
tocopherol-enriched extract of nutraceutical value. The advantage of this 
approach is it allows one to enrich a particularly valuable nutraceutical 
ingredient from a natural matrix, without contaminating of the remaining 
matrix with a noxious agent. Enrichment factors relative to the tocopherol 
content in the original soybean flakes are tabulated in Table 3. Note that these 
are only modest tocopherol-enrichment factors for application of the single 
SFE step; however, significant enrichment of the desired cdmponents can be 
obtained by then applying SFC for further fractionation arid enrichment of 
the tocopherols (Table 3). 

Recently, using a similar approach, Taylor et al. (37) have been able to 
produce concentrates ehriched in phospholipids (PPLs) for p e n t i a l  use in 
the nutraceutical industry. Table 4 summarizes the relative amounts of PPLs 
via initial SFE isolation and in the fractions obtained after SFC. Here, the 
major component in the starting substrate (soybean oil triglycerides) was 
initially reduced in the SFE step using neat SC-C02, followed by sequential 
SFE-SFC utilizing SC-COflosolvent mixtures on the lecithin-containing 
~esidue whiclt-remains after SC-C02 extraction.. By using SC-C02/ethanol/ 
water fluid phases, one not only could perform preparative SFC for enriching 
the PPLs but can also obtain, in certain cases, individual purified PPL moi- 

Soybean Flakes 

SC-C02 Extraction (P1,T1) Extract SC-COz 

I 
(tocopherols Chromatography 

& oil) 

Oil-laden Flakes I 
I 

Tocopherol-Enrlched 
Fractions 

SC-CO2 Extraction (P1,T2) Extract 

I (remaining oil 
& tocopherols) 

Exhausted Oil-cake 

FIGURE 9 Tocopherol-enrichmentlfractionation by the SFE-SFC technique. 

TABLE 3 Enrichment Factors of Tocopherols 
from Soybeans by SFE and SFE-SFC 

Tocopherol SFE SFE-SFC 

Alpha 4.33 12.1 
Beta ' 1.83 2.4 
Gamma 3.94 15.0 
Delta 3.75 30.8 

eties. This is achieved by selective density and compositional programming of 
the SFC fluid phase, coupled with time-based collection of eluent fractions. 

Previously, mention has been made of the use of subcritical water as a 
"green" processing agent. Studies performed in the 1970s by Schultz and 
Randall (38) showed that useful fractionations of flavor components could be 
obtained by using LC02 in a countercurrent mode with fruit-based aqueous 
feedstocks. This approach produced fruit flavor essence concentrates 
enriched in the more hydrophobic components. Recently, a similar method 
exploiting LC02/aqueous phase partitioning has been developed by Robin- 
son and Sims (39) using a microporous membrane to further increase the 
frdclionation efficiency in such systems. This Porocrit fluid fractionation 
process is depicted in Figure 10 and shows "nearw-critical C 0 2  being fed into 
a concentric tube arrangement, countercurrent to the flow of aqueous liquid 
feedstock, which is being pumped internally through a microporous mem- ' 

brane. Again, an enriched extract exits with the depressurized C02, producing 
an aqueous fruit aroma of the composition described in Table 5. Here, the 
listed components in the feedstock have been concentrated in many cases, 
over 100-fold with respect to the starting concentrations. Note also that the 

TABLE 4 Relative Amount of PPLs from Soybeans 
in SFE Isolates and in SFC-Collected Fractions 

~ h o s ~ h o l i ~ i d  
, d 

SFEa SFC 

Phosphatidyiethanolamine 16.1 76.8 
Phosphatidylinositol 9.2 74.9 
Phosphatidic acid 2.8 20.8 
Phosphatidylcholine 15.6 55.8 

Note: All data in percent of that component. 
Relative to  other eluting constitutents (oil and unidentified 

peaks). 

2. 
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Purocriticni Mstnbrane Contactor 

Liquiphobic Liquiphilic 

FIGURE 10 Porocrit continuous fluid extraction process. 

TABLE 5 Enrichment of Aroma Constituents by the Porocrit Process 

Compound ppm in feed Conc. factor in extract % Depletion 

Methanol 
Ethanol 
1 -Propano1 
Amyl Alcohol 
Hexanol 
Octanol 
Z-3-Hexanol 
a-Terpinenol 
Terpinen-4-01 
Ethyl acetate 
Ethyl butyrate 
Acetal 
E-2-Hexenal 
Hexanal 
Octanal 
Citronella1 

I'orocrr t process IS vcry elTcclive a t  rcmoving Lllc flavor components, as j~~t lgct i  
by tllc listed solutc t f cp lc t~o~ l  data given in Lllc last colunun oTTal)lc 5. 

4. ROLE OF ANALYTICAL SCF TECHNOLOGY IN SUPPORT 
OF NUTRACEUTICALS 

Tllc analylical nsc ol'crilical 11~1icis spans over Lh1-cc ticcatics ol'e~ltleavor uuc! 
applicalions (40,41) and  tlicl-c al-c many excellent Lonm describing activity in 
[his ficlci (42,43). 11 is no1 che inlention of this review to pr-ovidc a cletailetl 
ticscriplion of  the usc of analytical mechotlology for char-~~ctel-iziny ~lutraccu- 
ticai pr-od LICLS, allliough such Lech~~iclues as SFC, can rap~dly  provitle valuable 
~nformation for [he chcmist m d  product Cormulator (44,453. 

Therc is n o  cloubt tllat analylical S F C  is a logical choicc lo chark~cle~.ize 
cs(l-acts or  fractions oblaincd by SI'E allti Sraclionation, ~ L I L  p c r l l~~ps  oTn1or.c 
impor-~ancc is to tlescrihc oplions Llial exist Tor ulilizing such analylical 
~ n s ~ r i ~ ~ n c n l a l i o ~ ~  lo assist i l l  oplimizirig ant1 dcvclopillg 111-occssing nlelhocls 1 
L O  p~-oc l~~ce  11 i~lraccirlicals Ibr the nlarkclplacc. A sunlln:11-)t of ~ h c  infornlalion 
oh[ainablc using a~lalytical-scale tecliniqucs and mcthotlology ; ~ r c  givcll in 
'T';1hle 6. 

\\!i~11 Llle utlvcnl o r : ~ ~ ~ t o m a t e d  analytical SFE equlpmcnt, il has becomc 
possiblc to rapidly ascertain what extraction o r  f~-:-aciionation condit io~ls 
would be most ~ d e v a n t  in scaling up the process. 111 the United States, 
analytical SF13 i n s l r i ~ ~ n e n t t i o ~  is produced by s~rcli tinns as Isco, Applicd 
Scp:ll-alions. Leco, antl'.lasco. In Europe, analylical-sa11c SFC cqn ip rnc~~l  is 
available 1.1-0111 T3crger Iuslru~ncncs, Thar Designs, Jasco, ;11icl Scnsal-. Tllc 
c t ~ ~ ~ i p r n c n ~  is oblui~led Tram cl~cse vcndor.~ can be, if ncetlctl. slighLly niotlificcl 
Lo s1~1dy Llic ~ o ~ l d i l i o n s  that 211-c amcnable lo processing 11~111-accuricals. King 
(34) has prmvitletl a irilerescing rcvicw of llow lab-constl-ucicd ccl~riprncr71 can 
hc ~ ~ s c t l  1'01. I>oLll il1ii l l) /[ i~;11 arid p~-occss develojmcrlt purposes. 

' i ' \ vo  C S ; I I I ~ ~ ) ~ C S  will OC cilcd thilt SIIOIV IIOIV i ~~ l i l ly t i~ ;~ I  SIYE ~ I I S ~ ~ L I I I I C I I -  
Lntion can hc ~lsctl to ohtam information related Lo thc isolation o I ~ n ~ ~ t r ; ~ c c u -  

TABLE 6 Critical Fluid Analytical Technology-- 
Relevance to Nutraceutical Product Development 

To 1ndicaLe solubility or extractability of a compound 
For lractioriatiny a natural product 
In support of process development 
For analysis of critical-fluid-derived extract 
To deformulate a cornmercial product 
To dererrninc reqr.lired physicochemical data 
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tical ingredients. Chandra and Nair (46) have studied the extraction of 
isoflavone components, such as daidzein and genistein, from soya-based 
products, using a mantfally operated SFE system. Neat SC-C02 proved 
relatively ineffective in removing the isoflavone components from the various 
soya-based matrices; however, by simply varying the conditions for effecting 
the extraction, it was found that 20 vol% ethanol in SC-C02 at 50°C and 600 
atm could remove over 90% of the isoflavones in under 60 min extraction 
time. These survey extractions were performed on sample sizes ranging from 2 
to 10 g, saving considerable time and labor in ascertaining what conditions 
were optimak for the extraction of these components. The need for relatively 
high pressures and cosolvent to remove the isoflavones from the matrix 
suggest that subcritical water extraction might be another alternative for 
isolating these nutraceutical components. + 

An automated SFE option has been utilized by Montanari et al. (47) 
and Taylor et al. (37;48) to develop the conditions most amehable to isolating 
PPL concentrates from deoiled soy meal. In the former case, a set of 
conditions was tested by programming the microprocessor controller of the 
automated SFE to run a large number of extractions on cornm& samples at 
various pressures, temperatures, and cosolvent (ethanol) levels. The results 
showed that at 70°C and 40.7 MPa with 10 mol% ethanol, phosphatidyl- 
choline could be extracted preferentially relative to the other phospholipids in 
the soya meal. By utilizing higher pressures, it was found that the total 
amount of phospholipids extracted could be substantially increased at the 
slight reduction of the.phosphatidylcholine content in the final extract. 

Similarly, an automated SFE unit was also used to ascertain what 
conditions were necessary to elute and separate phospholipid moieties from 
extracts obtained from SFE and other extraction methods (37,48). In this 
case, the PPL-containing extract was layered on top of an adsorbent, such as 
alumina or silica gel, and elution and separation of the target compounds 
were assessed by changing the pressure, temperature, quantity, and compo- 
sition of the cosolvent in the supercritical fluid eluent. As summhized in 
Table 7, pure SC-C02 aided in removing the nonpolar (triglyceride) compo- 
nents from the deposited sample, but the presence of a binary cosolvent with 
the SC-C02 proved necessary to effect elution of the PPLs from the sorbent 
bed. By collecting various fractions during the stepwise elution from the 
column, while varying the eluent conditions, various phospholipids could be 
enriched as indicated in Table 7. These experiments could be run in several 
days and even overnight on the automated SFE module, saving considerable 
cost and effort before scaling up the SFE-SFC process to a preparative level. 
Using a similar approach, experiments were run on other natural product 
matrices in terms of ascertaining whether compinuting the sample prior to 
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TABLE 7 SFC Fractionation of Lecithin on Silica Gel 

Fraction collecteda Eluent parameters Predominate compounds 

#1  3 5 0  bar, 50°C.  COZ Triglyceride oil 
#2 3 5 0  bar, 50°C,  COdM T r i s l v c e d  oii 

-83----------350 bar, 50°C,  C02/M 
#4 5 0 0  bar, 50°C,  COp/M Phosphatidylethanolamine 
#5 5 0 0  bar, 80°C,  COplWl Phosphatidylinositol 

+ phosphatidycholine 
#6 5 0 0  bar, 80°C,  COp/M Phosphatidylcholine 
#7 5 0 0  bar, 80°C.  COz/M Phosphatidylcholine 

a The fraction # 2  modifier is 10% ethanol : water (9 : 1 I .  The fracttons #3-7 modifier is 
25% ethanol : water (9 : 1). M =modifier (cosolvent). 

conducting a SFE was necessary. Alternatively, such instrumentation can 
assist in identifying what part of a natural plant actually contains the targeted 
components of interest (49). 

It was'mentioned previously that analytical SFC wuld be of consider- 
able use in evaluating the content of nutraceutical-containing extracts or 
feedstocks. This is particularly true if one is looking for a rapid analysis 
method for quality control of selected ingredients or to monitor qualitative 
differences in processing and raw materials. The elution order of lipophilic 
solutes is well known in capillary SFC (50) and permits the separation and . 
identification of key lipophilic nutraceutical components. For example, in 
Figure 11, the high-resolution separation of fatty acids, squalene, tocopher- 
ols, phystosterols, and Various glycerides contained in deodorizer distillate is 
shown using analytical capillary SFC using flame ionization detection (FID) 
(51). The resultant piofile is of a valuable feedstock for nutraceutical 
components and indicates that its components are soluble in SC-C02 (the 
mobile phase for this analytical SFC separation), as well as revealing valuable 
information on the chemical composition of the sample to the analytical 
chemist. This is an excellent assay method considering that the sample 
preparation is minimal and the analysis time is under 45 min. - On the subject of sample preparation, analytical SFC can save the 
analyst considerable time, as illustrated by the SFC profile of the composition 
in a nutraceutical capsule containing sawtooth palmetto berry extrack (Fig. 
12). In this case, the extract was dissolved and diluted with a minimal amount 
of hexane and directly injected into the chromatogmph. By density program- 
ming the C 0 2  mobile phase, a high-resolution chromatogram can be facili- 
tated. The complexity of the sawtooth palmetto berry extract is apparent and 
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FIGURE 11 Capillary SFC characterization of deodorizer distillate feedstock. 

consists of a mixed composition of fatty acids and trace sterol components. 
Recently, a similar approach has been used by others for characterizing saw 
palmetto extracts (52). 

5. PRODUCTION PLANTS AND NUTRACEUTICAL 
PRODUCTS 

The purpose of this section is to provide a brief overview of the magnitude and 
scope of critical fluid technology as applied to the production of industrial 
products, including nutraceuticals. Information on the use of critical fluid 
production facilities is be limited due to proprietary constraints; however, 
production processes using supercritical fluids have existed for over 30 years 
and critical fluid processing is no longer a novelty industry. These production 
facilities vary considerably in the magnitude of the operation, ranging from 
the large Houston-based decaffeination plant of General Foods to smaller 
extraction facilities focused on the production of noncommodity items. Aside 
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FIGURE 12 Capillary SFC analysis of capsule containing sawtooth palmetto 
berry extract. 

from decaffeination plants, there is a sizable segment of the production 
facilities devoted to the processing of hops. However, these facilities are 
devoted to hops processing for only part of the year and potentially have 
additional capacity which could be devoted to processing of materials having 
nutraceutical value. 

There are over 50 plants (not pilot plants) worldwide devoted to critical 
fluid processing. Currently, most of these are located in Germany, the United 
States, France, and Japan. Other nations, such as Britain, Australia, India, 

4 
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and Italy, continue to develop more capacity for critical fluid processing; 
other nations with a rich litany of natural products will undoubtedly enter the 
marketplace as users. Table 8 presents a list, which is not inclusive, of many 
users of critical fluid extraction for food and natural product processing 
throughout the world. Key players in identified market segments are as 
follows: decaffeination-Genera1 Foods, SKW Trostberg, Kaffee HAG, 
Hermsen; hops processing-HVG Barth (NATEC02), John Haas, Yakima 
Chief, Carlton United Breweries, Steiner Hops, English Hops, SKW Trost- 
berg; flavors/spices-Cultor, Quest, Flavex, Norac, US Nutraceuticals, 
Ogawa, Fuji Flavor, Kobe, Mori Oil Mills, Takeda. Many of the processors 
listed under the generic heading of flavors/spices process a variety of other 
natural products such as specialized oils, natural pigments (e.g., Flavex is 
involved in the processing of ginseng among other moieties). As noted earlier, 
many of these companies have additional capacity for fulfilling the needs of 
the nutraceutical market and other firms, on a more diminutive scale, are 
preparing to enter the market focusing on the processing of niche natural 
products. Some of the new companies addressing nutraceuticals processing 
specifically are US Nutraceuticals, KD-Pharma-IQA, WeUsr Investments 
Ltd., Aromtech OY, GreenTek 21, and Arkopharma. - .  

TABLE 8 Organizations Processing or Offering Critical Fluid-Derived 

Products 

Flavex (Germany) Fuji Flavor (Japan) 
Hermsen (Germany) Kobe (Japan) 
HVG Barth (Germany) Mori Oil Mills (Japan) 
Kaffe HAG (Germany) Ogawa (Japan) 
SKW Trostberg (Germany) Takasago (Japan) 
KD-Pharma-IQA (Germany-Spain) Takeda (Japan) 
General Foods (United States) Cultor (France) 
John Haas (United States) HITEXISeparex (France) 
Praxair (United States) Norac (Canada) 
Yakima Chief (United States) Aroma Tech OY (Finland) 
Carlton United Breweries (United Kingdom) Quest (Holland) 
English Hops (United Kingdom) Wells Investment Ltd. 

(New Zealand) 
Steiner Hops (Germany-United Lavipharm (GreeceIUSA) 

Kingdom-USA) 
US Nutraceuticals (United States) GreenTek 21 (South Korea) 

Supetrae (Denmark) Eiffel (Australia) 
Ferro Corporation (United States) Arkopharma (France) 
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There also exists a cadre of companies that specialize in research and 
development and take refining up to a certain scale. Among the more prom- 
inent ones are Phasex, Praxair, Norac, Marc Sims Inc., Separex-Hitex, 
Flavex, Critical Processes Ltd., Bradford Particle Design (BPD), CPM Inc., 
Wells Investments Ltd., and Aphios Corp. These companies and a host of 
other organizations, consultancies, academia, and government laboratories 
can be useful sources for technical consultation/information. 

What is a typical extraction/processing plant like in terms of scale? This 
is hard to quantify without picking what might be a "typical" example, but it 
is worth citing the NATEC02 production facilities in Wolnzach, Germany as 
an example of a technically sophisticated and diverse operation. Some of its 
stated capacity and capabilities are as follows: 

production Plant #1: 4 x 2-m3 extraction vessels 
Laboratory Plant #2: 1000-mL countercurrent column 
Production Plant #3: 4 x 4-m3 extraction vessels , 

Production Plant #4: 3 x 500-L vessels 
pilot Plant #5: 2-200-L countercurrent column 

This plant has historically .focussed on the processiQg of hops but has 
diversified over the years to include the processing of other natural products, 
thereby providing for maximum utilization of the plant facilities. 

To enumerate and discuss all of the nutraceutical or potential nutra- 
ceutical products that could be processed by critical fluids is beyond the scope 
of this review, particularly when one considers that in the past, many of these 
naturally derived products have been extracted with critical fluids. However, 
it is worth noting how these extracts are usually obtained in the SFE mode . 

and what generic classes of materials have been extracted. For example, it is 
rare to obtain.an extract without the occurrence of lipid coextractives; hence, 
thenutraceutical agent will frequently be diluted in a oily matrix. Examples of 
this type of extract are the previously mentioned tocopherol-containing 
extracts as well as natural pigments, such as the carotenoids (53). Tocotrienols 
can also be isolated via SFE as a complex from barley brand; likewise, the 
newer sterol or steryl ester concentrates can be obtained as mixtures from 
corn oil, rice brand oil, or saw palmetto sources. Many of these extracts con- 

. - taining other helpful nutraceutical ingredients, such as fatty acids, squalene, 
and so forth, can act in a synergistic mode with the principle nutraceutical 
agent. . 

It is worth noting that many current oil extraction and refining methods 
remove valuable nutraceutical components from the oil in the name of 
appearance and flavor. By-products and streanis from these milling and 
refinement steps often contain preconcentrated sources of nutraceuticals (e.g., 
deodorizer distillate, residual protein meals, fibrous materials). Sources such 

I 



604 King 

as corn gluten meal, corn brand fiber, and alfalfa leaf protein concentrate 
have been extracted with SC-C02 successfully for their pigment, sterols, and 
fatty acid content. The high tocopherol-sterol-squalene content of deodor- 
izer distillate is well known and several schemes employing critical fluids 
have been reported for fractionating this material to achieve higher-purity 
materials (54). Another processing agent tKat is a concentrator for nutraceu- 
tical components are the bleaching sorbents used by the vegetable oil pro- 
cessing industry. King and co-workers (55) have shown that very high oil 
yields can be obtained from clay bleaching earths; however, there is a need for 
the resultant extract to be analyzed for the enriched content of the nutraceu- 
tical components. 

Critical fluid extraction has been applied for sometime now in the 
extraction of speciality oils, such as evening primrose, borage, black currant, 
and flax. These moieties contain the presence of y-linoleic acid, a component 
which has been implicated favorably for the treatment of'several medical 
conditions. Other specialized oils that have also been extracted with SC-C02 
are wheat germ, avocado, sea buckthorn, sorghum brand/gem oat, and 
amaranth. Recently, there has been some studies employing &cal fluids to 
obtain oil from fungi or marine sources, like spirulina, whish are devoid of 
cholesterol, Partial deoiling has also been performed using SC-C02, more 
with respect to developing a functional food ingredient that has less fat (oil) or 
cholesterol content (i.e., low-calorie peanuts). Such deoiling can be done 
using either SC-C02 or propane and still meet the criterion for use in 
functional food products. 

As has been stated previously, PPLs and many of the traditional herbal- 
medicine-typecomponents are amenable to critical fluid extraction provided 
that GRAS cosolvents are employed along with SC-C02. Pure phosphati- 
dylcholine and phosphatidylserine are finding widespread use, the latter in 
improving cognitive function; hence, the challenge for those using critical 
fluid processing for PPL recovery is to develop purification techniques for 
these naturally derived chemicals. Other nutraceutical agents that can be 
obtained similarly include extracts from chamomile, paprika, feverfew and 
gingko biloba (analytical studies), garlic, and ginger. Most of the common 
spices and mint oils, including a commercially available extract of rosemary, 
can be obtained via SC-C02 extraction. 

For the above-mentioned products, critical fluid technology faces stiff 
competition from molecular (vacuum) distillation techniques, a time-honored 
technique, although greater selectivity is potentially available utilizing criti- 
cal-fluid-based methods. This, coupled with the fact that C02-derived extracts 
exhibit, in many cases, extended shelf-lives due to the prophylactic action of 
the residual, nonoxidative C02 atmosphere, as well as micro-organism de- 

struction due to exposure at higher pressures and temperatures, argues for a 
bright future for critical fluid technology in the nutraceutical marketplace. 

1 6. IMPROVEMENT OF NUTRACEUTICAL FUNCTIONALITY 

k THROUGH PROCESSING WITH CRITICAL FLUIDS 

It is obvious from the discussion in the previous sections that many nutra- 
ceutical components or compositions are soluble to varying degrees in critical 
fluid media, particularly SC-C02. However, unlike pharmaceutical com- 
pounds, which are usually highly purified solutes dissolved in SC-C02 and/ 
or cosolvent mixtures, nutraceutical components and compositions tend to be 
ill-defined. and molecularly complex mixtures, where components often 
interact synergistically to induce a therapeutic benefit. Testimony to this 
complexity is provided by the capillary SFC profile of sawtooth palmetto 
berry extract provided in Figure 12, where the predominate fatty acid mixture 
along with: low levels of sterols help alleviate prostate conditions in men. 
Obviously, sawtooth palmetto berry extract is quite different than a high- 
purity pharmaceutical, where perhaps only one or two (i.e., chiral racemates) 
major components are quantified by chromatography. 

As noted at the start of the chapter, the strategy in the nutraceutical or 
functional food qarket is to fortify specific foods or natural products with 
ingredients that have, or are perceived to have, health-promoting benefits. 
Many of these products are orally ingested and, like pharmacological drugs, 
can be made effective more rapidly by rapid dissolution within the body. 
Therefore, it behooves us to consider the benefits of producing nutraceuticals 
by the processes employed to make small-diameter particles of medicinally 
active compounds for the' pharmaceutical industry using the critical-fluid- 
based processes described earlier in this book. This can incorpor ate techni- 
ques like GAS (gas anti-solvent), RESS (rapid expansion of a supercritical 
solution), PCA (precipitation with compressed fluid anti-solvent), and so 
forth to produce small particles having low polydispersity, or encapsulation 
of nutraceutical ingredients and impregnation of an active ingredient into a 
food matrix (i.e., to make a functional food). 

Although this would appear to be a good strategy, it is important to 
.consider economics as they relate to the difference between the pharmaceu- 
tical and food industries. The food industry tends to be a commodity-driven 
marketplace with a low return margin on its products. The high hourly 
production rates characteristic of the food industry are a challenge give'n the 
current state of the art of particle formation technology employing Super- 
critical fluids. However, consumers of nutraceuticals and functional foods 
tend to be willing to purchase thesei(nutraceutical) more expensive pioducts, 
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so it is not unreasonable to consider the benefit of applying critical-fluid-based 
techniques to produce ingredients via the methods noted in the previous 
paragraph. For example, consider the case for winning lecithin, or a more 
highly purified form of phospholipid concentrate from soybeans. Isolating 
lecithin from soybean oil or meal can yield a nutraceutical-grade lecithin that 
sells for $31 a pound. This is a significant mark up versus the price of soy bean 
oil, which might be $0.25 a pound. Hence, when oneconsiders a nutraceutical- 
grade phospholipid concentrate (concentrated phosphatidycholine or phos- 
phatidyserine), the price is $1500 a pound. Obviously, with these economic 
incentives, the possibility of applying critical-fluid-based particle production 
processes may be justified. 

The fundamental principles and methodology of producing fine par- 
ticles, encapsulates, and so forth using critical fluid procfssing have been 
covered in depth in previous chapters, and it is not our intention to cover this 
as we conclude this chapter. However, it is worth considesing a few of the 
possibilities in a generic sense and examining one application of the technol- 
ogy to a specific nutraceutical component or product. Table 9 lists applica- 
tions of critical fluid technology reported at the 6th InternatiolrakSymposium 
on Supercritical Fluids in 2003, which have implications for the nutraceulical 
and/or functional food industry. As one can see, a number of the processes 
described in previous chapters have been applied to foodstuffs, nutraceutical 
ingredients or a suitable surrogate (e.g., cholesterol for sterols or sterol esters), 
or delivery systems that utilize liposomes or biodegradable natural polynlers. 
By controlling the particle size, morphology, or method of delivery (encap- 
sulation), these critical-fluid-based processes can produce a pleathora of 
materials, as noted in the application column. This includes specific chemicals 
utilized in nutraceuticals, such as high-antioxidant-containing spices, sterol 
esters, carotenoids, phospholipids, and fatty acids. This is ample evidence that 
such processes could impact on the functional food industry, as well as pro- 
vide new food materials for the integration into the conventional food pro- 
duct chain. 

We noted previously the high value and application of phospholipids- 
containing materials, like lecithin or phospholipid-base liposomes, as func- 
tional food ingredients. This is worth examining in greater detail, starting with 
the historical research of Quirin, Eggers, and Wagner (16,57,58) involving the 
jet extraction of lecithin from soybean oil. These researchers developed a 
continuous method for deoiling lecithin obtained from caustic or physical 
refining-derived lecithin feedstocks that resulted in powdered extracts, some- 
what analogous to the lecithin- or phospholipid-based powders noted in 
Table 9. This process overcame some of the physical difficulties in refining 
lecithin by SFE with SC-C02 or SC-COTcsolvent mixtures due to the 
gelatinous nature of the lecithin feedstock. Further, the method referred to 

Critical Fluid Technology in Nutraceuticals 607 

TABLE 9 Materials Processing Using Critical Fluid Media with Implication 
or Direct Application in the Nutraceutical or Functional Food Industry 

Process Application Ref .a 

Concentrated powder 
form (CPF), jet 
dispersion 

Semicontinuous 
gas antisolvent 
process 

Rapid expansion 
of supercritical 
solution 

DELOS crystallization 

CPF Process 

Rapid expansion 
of supercritical 
solution 

Supercritical 
antisolvent process 

PGA and GAS 
processes 

Particle from gas 
saturated solution 
(PGSS) 

Supercritical antisolvent 
process 

Dispersion of paprika 
soup powders 

Cholesterol morphology 
and precipitation 

Phystosterol micronization 

Crystallization and control 
of stearic acid morphology 

Controlled release of 
flavors and vitamins 

Encapsulation of p-sitosterol 
in low molecular weight 
polymer matrix 

incorporation of 
cholesterol or proteins 
in biodegradable matrix 

p-Carotene precipitation 

Lipid micronization of 
phosphatidylcholine 
and Tristearin 

Biodegradable polymers 
precipitation studies with 

Weidner, 
pp. 1483-1 495 

Subra and Vega, 
pp. 1629-1 634 

Jiang et al., 
pp. 1653-1 658 

Ventosa et al., 
pp. 1673-1 676 

F. Otto et al., 
pp. 1707- 17 12 

Turk et al., 
pp. 1747-1 752 

Pellikaan, 
pp. 1765-1 770 

Miguel et al., 
pp. 1783-1 788 

Elvassore et al., 
pp. 1853-1 858 

Vega-Gonzalez, 
pp. 1877-1 882 

a The listed authors and inclusive page numbers all appear in Ref. 56. , 

as "jet extraction" provided a more environmentally benign process than 
using propane for deoiling lecithin feedstocks. 

The basis ofjet extraction is that it facilitates the dispersion of a thin filet 
of lecithin into a highly turbulent jet of SC-C02. This is made possible by the 
use of two overlapping capillary jets. The lecithin is fed into the inside 
capillary, and the C 0 2  enters into the larger outside capillary encasirig the 
smaller-diameter capillary tube. The compressed C 0 2  then mixes with the 
lecithin extrudate in a mixing chamber under conditions of high turbulence, 
affecting the deoiling of the lecithin and formation of a powdered product. 
The physicochemical basis of this separation process in terms of its effect on 

' 
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lecithin viscosiLy and interl'acial Lcnsion Ilave bccn I-cpl-lctl by Eggers antl 
Wagncr (57;SS) antl resullecl in Llic conccplualizalion of :l conlinuous 
processing planL h;tsccl on ~ h c  abovc principle. 0lhe1- pi-occssing optio~is lor 
lccithin will1 critical fli~ids are nicely sumnlarizcd in S h h l  ei al.'s book (16). 

A device similar in principle lo l11c German rcsearcltc~-s hiis been dc- 
scl-ibed by King (34) as shown in Figure 13. Figure l3a shows Llic general and 
inilia1 dcsign ol" tlic jcl e x h c l i o n  syslcin, and Figure 1313 provides moi-c 
critical de~ails .  I n  [his 1:tboraLor)r-scalc apparalus, the solids colleclion scs- 
crvoir and 1u.0 collcclor vessels \ x r c  cad1 30.5 x 2.54-cm 3 16 slaildess-sled 
tubing. TIK lec~lhin samplc Lo be m~ractctl  is placccl inlo L I I C  solitls rescrvow 
and exLritdetl inlo Llie jcl ~ u b c  assembly wiLh [lie aid of ;I ~iilrogcii pi.cssul-c 
hcatl. 1711s "piisher" gas flow ralc 1s rcgulalcd by a nlicl-omelering \.:tl~'c. 

As descrihctl cxlier .  [lie SC-C02 inlcl-rttces will1 Lhc Iccilli~n sample in 
Lllc jcl tube assenibly (Fig. 13h). 11 is crilical ~ h a l  in [he piclurccl Lllrcc-way 
valve that Llle viscous samplc he injeclecl Lhro~lgh the 0.16-cm cnpil1;u-y inlo 
thc larger conccnll-ic t i ~ b e  lo avoid viscous hael<-slscnming and lo assurc 
~nlirnale conlacL \villi Lhc SC-C02. Thc soluhilizctl oil componcnls a[-c l l l e ~ ~  
~-ouLcti Lllrougl~ h e  back-pscssurc rclicl" valvc, wlict-c llic CO? clcco~npscssion 
occurs, resulling in Lhc prccipilalion of Llie oily c o l ~ s l i l u e ~ ~ l s  in Lhc liquid 
collcctor. The deoilcd lec i~l~in  po\vdcr tllcn drops inlo Lhe solitls collcclion 
vcsscl. CarcTu1 conlrol musL he cxercisctl ovcr Lllc rclalivc flo\v r aks  o!' Ilic 
pushing ant1 cxLraclion fluids so as lo maximizc Lhe contact Lillie hetwccn llic 
leci(.hin and the cxlraclion fluid. This can also he ;umplilicd by using longcs 
cxtsaction ch:t~nl~ers, whicll providc a long conlael, or  drop rime, ol" Llic 
!ccilIiln ill  Llic couipr-cssccl CO-, aLniosplicrc. 

0 ~ h e 1 -  noLal~lc atlvanccrncnLs have hccn rcpor~ecl in lllc li~craLu1.e \vll~cll 
use crilical fltiicls Tor producing ~nicl-on-size pllosp11oliliids-i1~iseti powders as 
well as Lhc l"o~-inaLion ol"PPL-hasc liposomcs. For exn~nple, Castor at Atllios 
COI-posaliori has palenled scvcral co~iccpls !Lhc CI:L 1'1-occss) (59,60), \vl~icli 
pcrniil Lhe encapsulalion ol" 11yd1-ophohic drugs as well as 1la1 u~xlly dcrivcd 
dl-ugs, such as Laxol. The basis orlhcscpaLcnLs are lhat PPLs tlcposiL oul el  111c 
phase l3ounclary as Lhc Pl'L-dl-ug aqueous phasc (or mullilnn~cllai~ vcsiclc) 
unclei-goes clccompi-ession In a crilical fluid almosphese. Tlic I-csulling lipo- 
sonics rormctl i n  Llic prcsencc ol' SC-CO-, and o~ t i c r  altcrnn~ivc Iluids slio\vetl 
s~abilily IiSe~mcs cxcccding 6 ~ i i o n ~ l ~ s ,  and this cotild I I C  ampliliccl hy  llic 
inclusion ol'n-locopliei-ol i n  Lhc PLT, malrix, which ~ ~ ~ - o v i d c s  prophylaclrc 
111-olcclion i n  an cxlcncling Llic lil'climc or  rllc rcsulL;ml liposonic. 

Similar sLtdics havc also bccn pcrTos~i~ccl by tlic ~~cscarcli  gl-ou11 of 
Cha1.bil in Marseilles (61,62) i l l  \vliich l i i x  PPL, par-ticles \vc~-c l'oi-meti by 
dccomp~-cssion using the SAS process. T l ~ e  I'ocus of Lllis rcscmA~ was lo 
clcvclop drug tlcli\.c~-y syslc~ns,  11111 i~ \ \ ~ o ~ ~ l d  equally applicat~lc Lo ~ l l c  
runclional l'ood a[-ca. Typically, a 2 \t11Y6 solulion o r  s o y - d c r ~ \ ~ d  lccilllin 15 

P R V  

Collector Collector \, 

Solids 
Fee cl 

Collection 
Vessel 

FIGURE 13 Basic schematic of laboratory-scale jet extractor syslem. PRV = 

pressure regulat~ng valve; r = flow totalizer. (b)  Details of jet extractor for 
cleoiling soya lecithin. BPRV = hack-pressure regulating valve; T-flow total~rer. 
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dissolved in an ethanol solution which is subsequently injected into SC-C02. 
Typical precipitation temperatures and pressures were 35°C and 8-1 1 MPa, 
respectively. The micronized PPL particles tended to be in the range 1 5 - 6 0 ~  
were amorphous in nature, and coalescenced when they were exposed to air. 

Other schemes have been cited in the literature which employ phospho- 
lipids-bascd materials and supercritical fluids for fine-particle formation or 
encapsulation. Weber et al. (63) recovered lecithin from egg yolk extracts and 
induced crystallization by implementing the GAS process. Likewise, Freder- 
iksen et al. (64) developed a new method of preparing liposomes to encapsu- 
late water-soluble substances with the aid of ethanol. In this study, liposomes 
could be formed from phosphatidylcholine having 40-50-nm dimensions. A 
mixing process (ESMIC Process) (65) involving supercritical fluids has also 
reported, which is conducted in a stirred autoclave, to provide embedded 
pharmaceutical preparations in a lecithin matrix. ~ i n a i  particle size is 
partially control by the milling process taking place in the stirred autoclave 
containing the supercritical fluid medium. 

In summary, the above studies and processes show the versatility in 
utilizing critical fluid media for modifying a target nutrace&.al for func- 
tional food use. In the case of PPLs, the above studies illustrate how they 
could be prepared for rapid dissolution in food formulations or to encapsulate 
them for sustained delivery rates, or, alternatively, to use PPL-based lipo- 
somes and so on to encapsulate nutraceutical.ingredients. Obvious extensions 
to other target nutraceuticals follow, and application of the technology 
outside of its traditional niche in the pharmaceutical industry seemed assured. 

7 .  SUMMARY - 

In summary, we have attempted in this review to provide some understanding 
of the basic concepts involved in the use of critical fluids and to explain how 
these fluids are now exploited for the production of nutraceutical and other 
naturally derived products. Several illustrative examples have been provided 
of processing concepts and equipment, from the laboratory scale through 
production plants. There now exists an extensive 30-year history of critical 
fluid processing technology upon which to draw, replete with many examples 
of components having nutraceutical value that have been already extracted, 
fractionated, and reacted in these dense fluids. 

In the future, fine-particle production or food material modifications 
via critical fluid technology will join the other generic processing methods that 
involve the use of these novel fluids. As noted by King (66), an "all-green" 
processing platform is emerging involving the use of multiple environmentally 
benign fluids and combined unit processing applications. Such an  integrated 
critical fluid processing platform will make maximum use of production-scale 
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equipment, which undoubtedly will include facilities for particle production, 
tailored toward the nutraceutical marketplace. 
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Although very important research and development (R&D) means are ded- 
icated to applications of supercritical fluids (SCFs) in the pharmaceutical 
industry, a very limited number of commercial plants are now operating or 
under construction and few companies have acquired some know-how in 
process scale-up, especially in SCF formulation and particle design, in com- 
pliance with the constraints imposed in this industry [traceability and Good 
Manufacturing Processes (GMP), sterility, etc]. 

. In this chapter, based on our experience gathered when building tens 
of SCF plants during the past decade, including some for processing clini- 
cal lots in compliance with GMP, we will try to present both the general 
scale-up rules applicable to large-scale SCF plant construction, opeiation, 
and maintenance, the specific scale-up know-how related to phamaceuti- 
cal plants, and especially those dedicated to drug formulation and particle 
design. 


